An accurate assessment of the role of solar variability is a key step towards a proper quantification of natural and anthropogenic climate change. To this end, climate models have been extensively used to quantify the solar contribution to climate variability. However, owing to its large computational cost, the bulk of modeling studies to date have been performed without interactive stratospheric photochemistry: the impact of this simplification on the mod-75 rameterizations (Smith et al., 2014). This makes WACCM ideally suited for the present study, as 76 changes in the modeled response to solar forcing can be unambiguously attributed to the chemistry 77 coupling. 78 4 2. Methods 79 a. Model set-up 80 We use the Community Earth System Model (CESM) (Marsh et al., 2013); a global climate 81 model whose atmospheric component is the Whole Atmosphere Community Climate Model ver-82 sion 4 (WACCM), coupled to the Parallel Ocean Program (POP) ocean circulation model (Gent 83 et al., 2011). The resolution in WACCM is 1.9 • latitude and 2.5 • longitude with 66 vertical levels 84 with an upper boundary at 140 km, providing a well-resolved middle atmosphere. The standard 85 configuration of WACCM includes a fully interactive stratospheric chemistry module, based on 86 the version 3 of MOZART (Kinnison et al., 2007), which calculates 217 gas-phase chemical re-87 action and advects a total of 59 species. Photolysis rates are calculated in-line using a resolution 88 of 66 bands, covering all absorption lines from 120 nm onwards (details on the photochemistry 89 calculations are given in Marsh et al. (2007)). Most importantly, the impact of solar variability 90
eled climate system response to solar forcing remains largely unknown. Here we quantify this impact, by comparing the response of two model configurations, with and without interactive ozone chemistry. Using long integrations, we first obtain robust surface temperature and precipitation responses to an idealized irradiance increase. Then, we show that the inclusion of interactive stratospheric chemistry significantly reduces the surface warming (by about one third) and the accompanying precipitation response. This behavior is linked to photochemically-induced stratospheric ozone changes, and their modulation of the surface solar radiation. Our results suggest that neglecting stratospheric photochemistry leads to a sizable overestimate of the surface response to changes in solar irradiance. This has implications for simulations of the climate in the Last Millennium and geoengineering applications employing irradiance changes larger than those observed over the 11-year sunspot cycle, where models often use simplified treatments of stratospheric ozone that are inconsistent with the imposed solar forcing. The solar forcing changes imposed in the perturbed cases are larger than the 11-year cycle (by 141 a factor of four): however, they are near the upper end of the range of reconstructed estimates 142 over the last millennium (Schmidt et al., 2012a) , and therefore not entirely unrealistic in the con-143 text of centennial-scale solar variability and geoengineering studies employing larger irradiance 144 reductions (see e.g., Table 2 in Schmidt et al. (2012b) ). The underlying assumption is that SSI 145 variations that are larger than the 11-yr solar cycle will exhibit the same shape as those observed 146 in the NRL-SSI data over the 11-year sunspot cycle. Due to the idealized amplitude of our SSI 147 7 forcing, it is possible that the results obtained may not be representative for the 11-year solar cycle. 148 However, the response to the 11-year solar cycle is most pronounced regionally (e.g. Ineson et al., 149 2011; Meehl et al., 2009; Chiodo et al., 2012) , and therefore it is not useful to quantify the "climate 150 sensitivity" to solar forcing, which is the primary purpose of this paper. This is accomplished by 151 (1) prescribing a relatively large and steady forcing and (2) performing long integrations to equi-152 librium: the first amplifies the signal, the second reduces the noise. This is a common approach 153 when establishing the climate sensitivity to well-mixed greenhouse gases (GHG), where an instan-154 taneous quadrupling of CO 2 is typically applied (e.g. Nowack et al., 2014) , although such forcing 155 is not immediately comparable to any observations. 156 d. Statistical method solar irradiance. The global mean difference in surface air temperature (δ SAT) between these 170 two integrations is 0.18 K, implying a sensitivity parameter of 0.24 K/(Wm −2 ). For comparison, 171 the canonical equilibrium sensitivity parameter in WACCM, measured as a δ SAT response to a 172 doubling in CO 2 , is 0.72 K/(Wm −2 ) (Dan Marsh, personal communication, 2015) , in line with 173 other CMIP5 models (Sherwood et al., 2014) . Therefore, the SSI forcing has a relatively low 174 "efficacy" compared to CO 2 , which is consistent with previous work (Hansen et al., 2005) .
175
In the absence of ozone changes, the difference between the control and perturbed integrations 176 is also statistically significant, but considerably larger than that in the interactive chemistry in-177 tegrations, with a δ SAT = 0.24 K, corresponding to a sensitivity parameter of 0.32 K/(Wm −2 ).
178
This is the key result of our study: without ozone changes the global mean surface temperature 179 response is roughly 35% larger than in the case with interactive stratospheric chemistry. We have 180 established the robustness of this result by verifying that the PDFs of the two integrations with 181 increased solar irradiance (red lines in Fig. 1 ) are statistically different at the 99% level, according 182 to the K-S test (the control integrations with and without interactive stratospheric chemistry -the 183 black lines -are statistically indistinguishable).
184
The amplification of the surface response in the absence of interactive chemistry is quite rapid, 185 and does not require centennial scales to emerge. The response difference between the interactive 186 and specified chemistry cases is already present after a few decades of integration, even though the 187 models are not entirely equilibrated to the initial forcing. Hence, the inclusion of interactive ozone 188 chemistry not only reduces the steady-state response (or equilibrium climate sensitivity), but also 189 the transient climate response to solar forcing.
190
The forcing/sensitivity perspective gives only a very partial picture of the climate response to 191 the imposed increase in solar irradiance. To gain more insights one needs to explore the regional 192 patterns of the SAT response; these are shown in Fig. 2 for the interactive (a) and prescribed (b) 193 9 chemistry integrations. A surface warming is clearly visible in both cases, with slightly larger am-194 plitude over the continents than over the ocean, and a polar amplification in the Northern sphere. This response pattern is quite similar to the one caused by increased GHG (see, e.g., 196 Fig.12.11 in Myhre et al., 2013) , and to the response to solar forcing reported in simpler mod-197 els (Wetherald and Manabe, 1975; Cubasch et al., 1997; Ammann et al., 2007) . However, the 198 surface warming in the absence of interactive chemistry is considerably more pronounced than in 199 the coupled chemistry case, especially over the continents and in the Northern high latitudes.
200
The surface temperature difference between the two configurations is more evident in the zonal 201 mean ( Fig. 3) , which shows less warming in the presence of interactive chemistry at all latitudes, 202 but especially at Northern high latitudes, where the difference between interactive and specified 203 chemistry can be a factor of two. Clearly, the inclusion of interactive chemistry leads to a sizable 204 reduction of the climate sensitivity to solar forcing, and that reduction can locally be of the same 205 magnitude as the response itself, for instance over the Arctic.
206
Together with reduced surface warming, our experiments also show a reduction in tropical pre-207 cipitation signals, notably over the Warm Pool region ( Fig. 4) , in the integrations with interactive 208 stratospheric chemistry. The patterns of precipitation response in our integrations, with either 209 configuration of the model chemistry, are in good agreement with those reported for the peaks 210 of the 11-year cycle (Meehl et al., 2003; Shindell et al., 2006; Meehl et al., 2008) . However, 211 the response is significantly smaller in the integrations with coupled chemistry (Fig. 4a ), and the 212 differences between coupled/un-coupled chemistry can locally be as large as 100%. With increased SSI, a strengthening of the Walker circulation occurs in both coupled and specified 217 chemistry cases, so that the precipitation response is closely tied to a strengthening in the Walker 218 circulation, in agreement with the previously reported response to peaks in solar activity (Meehl 219 et al., 2003; Lee et al., 2009) . The novelty here is that the strengthening of the Walker circulation 220 with interactive chemistry is considerably smaller than with specified chemistry.
221
Globally, a precipitation increase of 0.019 mm/day is obtained in the specified chemistry case, 222 which reduces to only 0.009 mm/day when an interactive chemistry is used. By using a simple To understand the mechanism behind such striking differences in the climate sensitivity, we now 234 turn our attention to the vertical structure of the response. The zonal mean temperature response, as 235 a function latitude and height, is shown in Fig. 6 for the interactive (a) and specified (b) chemistry 236 configurations. As one would expect, the increase in SSI leads to a warming of the stratosphere, 237 which increases monotonically with height, reaching 3 K in the upper stratosphere around 50 km 238 in the coupled chemistry experiment (panel a). A similar vertical structure is also present in the 239 specified chemistry integration (panel b). However, a weaker stratospheric warming and a more 240 11 prominent tropical upper tropospheric warming are apparent. To bring out the differences between 241 the coupled and uncoupled chemistry responses, we plot their difference in Fig. 6c . First, it is 242 clear that the interactive chemistry causes an enhanced heating of the stratosphere, as it has been 243 previously reported (Haigh, 1996) . The color scale in panel (c) is identical to the one in panels (a) 244 and (b), indicating that the differences due to interactive chemistry are comparable to the response 245 itself. Second, and this is the key finding of this work, the interactive stratospheric chemistry 246 causes a reduced warming in the troposphere and the surface (which appears as a cooling below 247 the tropopause in Fig. 4c ).
248
To understand these temperature differences between the coupled and uncoupled chemistry in-249 tegrations, we now turn to the ozone response. Since ozone concentrations do not change with 250 increased SSI unless the chemistry is interactive, we only need to consider the ozone response in 251 the coupled chemistry integrations; this response (in percentage) is illustrated in Fig. 6d . With 252 stronger SSI forcing, ozone increases throughout the troposphere and the stratosphere, with three 253 distinct maxima in the stratosphere: two are found in the mid-stratosphere (around 30 to 40 km) 254 at mid to high-latitudes, and the third is located in the tropical lower stratosphere (around 20 km).
255
The former are due to UV-induced enhanced oxygen photolysis, while the latter is due to a weak-256 ening in tropical upwelling (not shown). Overall, the structure of the stratospheric ozone response 
272
Nevertheless, a downward shift of the ozone response with increasing UV forcing would result in 273 a larger column-integrated ozone perturbation, implying that the change in total ozone will scale 274 with the UV forcing. Clearly, more sensitivity experiments are needed to elucidate this.
275
From the ozone response to increased SSI, it is easy to understand the larger stratospheric tem-276 perature response in the interactive chemistry experiment: it simply results from the additional 277 short wave (SW) absorption due to the (UV-induced) ozone increase, as indicated by an increase 278 in stratospheric SW heating rates (not shown), and the upward shift in the maximum heating with 279 respect to the ozone response in the upper stratosphere. The tropospheric temperature difference, 280 however, is not immediately obvious. To show that ozone is key to explaining the difference in the 281 tropospheric and surface response, we have performed an additional perturbed integration, with 282 the non-interactive chemistry model configuration (denoted ctrl4W nochem o3), but in which we 283 have specified the ozone climatology computed from the perturbed run with coupled chemistry 284 (ctrl4W), in addition to an increased SSI (see Table 1 ). This means that the solar-induced increase 285 in ozone shown in Fig. 6d is imposed. identical δ SAT of 0.18 K), proving a clear link between the increase in stratospheric ozone and 289 the reduced long-term global mean surface response in the presence of interactive chemistry. We 290 note some regional differences between the ctrl4W and ctrl4W nochem o3 runs, mostly in the 291 Northern high latitudes (see Fig. 3 ; compare the dashed light blue and solid black lines), possibly 292 due to the fact that monthly mean, zonal mean ozone climatological values are used in the speci-293 fied chemistry configuration; these simplifications are known to cause inaccuracies in the surface 294 response to stratospheric ozone perturbations (Gillett et al., 2009; Waugh et al., 2009; Neely et al., 295 2014), but they are not sufficiently severe to affect the global mean temperature response.
296
There is also an ozone increase in the lower troposphere in Fig. 6d , which is related to an increase 297 in NOx emission from enhanced lightning activity, associated with convection in the tropics. First, 298 recall that those are percentage changes, and tropospheric ozone concentrations are small com-299 pared to those in the stratosphere. Second, to separate the role of stratospheric and tropospheric 300 ozone, we performed an additional model integration using only the stratospheric portion (i.e., 301 above 100 hPa) of the ozone response depicted in Fig. 6d . This integration yields a global mean 302 δ SAT of 0.19 K, which is very close to the δ SAT of 0.18 K found in the ctrl4W nochem o3 case.
303
From this, we safely conclude that the difference in the surface response between the coupled and 304 specified chemistry integrations is almost entirely due to stratospheric ozone changes. Finally, we elucidate the mechanism that allows stratospheric ozone to alter the surface response 307 to SSI changes. In a nutshell, the increased SSI leads to a photolytically-induced increase in strato-308 spheric ozone. Increased stratospheric ozone absorbs more SW radiation in the Hartley-Huggins 309 14 UV (200-300 nm) and Chappuis visible (450-600 nm) bands (Goody and Yung, 1989) . While the 310 former absorption bands are responsible for the enhanced stratospheric heating, the latter reduce 311 the visible portion of solar radiation, which ultimately affects the surface energy balance, reduc-312 ing the surface warming. This is why the model sensitivity is smaller with interactive chemistry 313 than without. The effect of coupled ozone chemistry is clearly seen in the zonal mean clear-sky 314 downwelling SW flux at the surface, shown in Fig. 7a . This field captures the energy absorbed in 315 subtropical oceanic cloud-free areas, and plays a key role in initiating the "bottom-up" mechanism 316 (e.g., White et al. (1997) ; Meehl et al. (2009)).
317
In the specified chemistry case (i.e. with ozone fixed, red curve) the SSI increase at TOA trans-318 lates into an increase in clear-sky downwelling SW flux, peaking at 0.5 W/m 2 at low latitudes 319 and tapering gradually to 0.2 W/m 2 in high latitudes; that increase is considerably reduced, at all 320 latitudes, in the coupled chemistry case (black curve). When cloud adjustments are taken into 321 account (Fig. 7b ), a net positive surface SW flux of 0.3-0.5 W/m 2 is still present in the specified 322 chemistry run; however, in the coupled chemistry case a net positive surface SW budget is only 323 found at mid-latitudes. Globally, the coupled chemistry run shows a reduction in the surface SW 324 flux of ∼0.3 W/m 2 relative to the specified chemistry integration.
325
One might wonder if stratospheric ozone directly affects the SW radiation budget, or whether 326 atmospheric feedbacks might be present (e.g. through changes in water vapor or cloud cover).
327
To address that question, we performed offline calculations using the Parallel Offline Radiative 
341
In addition to the SW fluxes, we have also analyzed the other terms of the surface energy budget.
342
Consistent with the surface warming shown in Fig. 2 , the SSI increase leads to a stronger upward 343 LW emission from the surface, which is more pronounced in the specified chemistry configura-344 tion. However, an increase in the downward LW flux over-compensates the change in the upward 345 LW component, resulting in a net decrease in the LW at low latitudes (Fig. 8a) . The net (LW 346 and SW) energy gain at the surface is balanced by an increase in evaporation (Fig. 8b) , which is 347 larger in the specified chemistry case. Interestingly, the SSI increase leads to negligible changes 348 in the sensible heat flux (Fig. 8c ). This indicates a decrease in the Bowen Ratio, which is in 349 agreement with the response to solar forcing reported in simpler models (Wetherald and Manabe, The presence of an interactive chemistry in the model thus leads to a decrease in evaporation, 355 and in tropospheric specific humidity, which, in relative terms, maximizes in the upper tropical 356 troposphere at 10 km (see Fig. 9 ). Interestingly, the opposite effect (an increase in water vapor) 357 16 is seen in the stratosphere; this is due to a warming of the tropical tropopause layer, resulting in 358 less dehydration and therefore increased stratospheric water vapor concentrations relative to the 359 specified chemistry integration. An increase in stratospheric water vapor concentrations leads to a 360 positive (LW) radiative forcing at the tropopause (Forster and Shine, 2002; Solomon et al., 2010; 361 Dessler et al., 2013). However, the decrease in tropospheric water vapor over-compensates the 362 positive LW forcing from stratospheric water vapor, as indicated by the decrease in downwelling 363 LW flux at the surface. Since the upper tropospheric moisture is efficient at triggering the water 364 vapor LW feedback (Held and Soden, 2000) , it is likely that changes in this field arising from the 365 chemistry coupling amplify the differences in the modeled surface response.
366
In summary, the UV-driven stratospheric ozone increase in the coupled chemistry configuration 367 leads to an increase in stratospheric (and a decrease in surface) absorption of SW radiation. As 
Conclusions

374
We have investigated the impact of the interactive chemistry on the WACCM model sensitivity 375 to an idealized solar forcing. The main results are as follows:
376
• The steady-state surface temperature response to an increase in solar irradiance, which we 377 have chosen to be larger than the peak-to-trough variation over the 11-year solar cycle, re- To put our results in a broader context, we note that the mechanism whereby the interactive 391 ozone chemistry reduces climate sensitivity to solar forcing is fundamentally different from the Needless to say, the precise amplitude of the impact of coupled chemistry on climate sensitiv-403 ity is likely to be model dependent. This is due to the role of the LW moisture-feedback, whose 404 magnitude varies between models (see e.g., Soden and Held (2006) , their Fig 1. ). Another fac-405 tor controlling the amplitude of the impact of coupled chemistry is the spectral distribution of 406 the imposed SSI forcing. A stronger UV forcing, such as that observed in the SORCE satellite results are based on a SSI forcing dataset (i.e., the NRL-SSI from Wang et al. (2005)), which is 412 widely used among CMIP5 models (Mitchell et al., 2015) . A precise quantification of the model 413 and forcing dependency of this feedback could be addressed in future studies.
414
Our results suggest a potential overestimate of the surface response to solar forcing in studies 415 based on models that do not employ interactive chemistry. This would be of crucial importance, in 416 particular, for simulations of the climate of the Last Millennium, and in many geoengineering stud-417 ies, where most models often do not account for ozone variability consistent with changes in solar 418 irradiance, which are larger than the 11-year solar cycle. For these and possibly other applications, 419 it may be prohibitive to perform long model integrations with both a well resolved stratospheric 420 circulation and interactive ozone chemistry, given the computational limitations. However, as we 421 have shown here, modeling interactive chemistry may not be needed: it might suffice to specify 422 ozone changes that are consistent with the SSI forcing, as was done by the "semi-interactive" cou-423 pled chemistry simulation performed by some of the CMIP5 models (Eyring et al., 2013) . This 424 entails a considerable computational saving. Our study, therefore, highlights the importance of 425 19 producing accurate solar-forcing-consistent ozone data sets to be used for future climate model 426 simulations. 572   Table 1 . The WACCM model integrations analyzed in this study. All integrations are 573 300-years long, with time-independent solar forcing. The ctrl integration is at 574 pre-industrial values, and invokes an interactive chemistry; ctrl4W is the 575 corresponding perturbed integration, with the SSI forcing increase by 4 W/m 2 .
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576
For the pair without interactive chemistry, ctrl nochem and ctrl4W nochem, 577 the ozone is specified (with an annual cycle) from the time-mean the ctrl 578 integration. The ctrl4W nochem o3 integration is identical to the 579 ctrl4W nochem except that the ozone is specified from the ctrl4W Table 1 . The WACCM model integrations analyzed in this study. All integrations are 300-years long, with time-independent solar forcing. The ctrl integration is at pre-industrial values, and invokes an interactive chemistry; ctrl4W is the corresponding perturbed integration, with the SSI forcing increase by 4 W/m 2 . For the pair without interactive chemistry, ctrl nochem and ctrl4W nochem, the ozone is specified (with an annual cycle) from the time-mean the ctrl integration. The ctrl4W nochem o3 integration is identical to the ctrl4W nochem except that the ozone is specified from the ctrl4W integration. All experiments are performed with coupled land, ocean and sea-ice components. Figure 2 . SAT response from the coupled (a) and specified (b) chemistry configuration, quantified as (ctrl4Wctrl) and (ctrl4W nochem-ctrl nochem) differences, respectively. Dotted areas denote differences that are not statistically significant at the 95% confidence level. Units K. Coloured areas identify differences that are statistically significant at the 95% confidence level. Units Pa/s. (c) contribution of the chemistry coupling to the response, quantified as the difference between perturbed runs (ctrl4W -ctrl4W nochem). (d) relative (%) zonal mean ozone response from the coupled chemistry integration.
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Coloured areas denote statistically significant differences at the 95% confidence level. 
